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Abstract
A novel fiber reinforced cementitious composite material has been developed and
investigated, which is comprised of a mortar matrix embedded with short, randomly
distributed, Nickel Titanium (NiTi) fibers. Fiber reinforced cementitious composite
materials refer to composites that consist of fibers of various types mixed throughout a
brittle cement-based matrix. Depending on the fiber and matrix properties, a material
with high strength and ductility can be obtained. The new material developed in this
study has been demonstrated experimentally to have excellent strength and energy
dissipation characteristics. In addition, it has also been shown that this new material's
electrical resistance is load sensitive. This feature gives the material the ability to sense
its loading and damage conditions.
NiTi fibers have been chosen as the reinforcement for this composite material
because NiTi alloys have been shown to exhibit the superelastic effect. Superelastic
materials undergo a stress induced phase change into a softer material state. This phase
change is similar to yielding but is reversible upon reduction of stress. Energy is
dissipated during each loading and unloading cycle if this phase change occurs. The
superelastic properties, along with other desirable qualities such as high maximum
elongation, high ultimate tensile strength, excellent corrosion resistance, and superior
fatigue resistance, make NiTi an ideal candidate to be used as fiber reinforcement in
cementitious composites.
An experimental program has been conducted on the new material and three
preexisting materials. Plain mortar and mortar reinforced with 0.6% volume fraction
NiTi, stainless steel, and carbon fibers were evaluated for compressive strength, flexural
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strength, toughness, impact resistance, and electrical resistance. Compared to other
available fiber reinforced materials, NiTi fiber reinforced mortar has been shown to have
excellent strength and toughness. Its electrical resistance has been shown to have a
similar sensitivity to stress as carbon fiber reinforced mortar. It has also been found that
better performance of the NiTi-fiber reinforced cementitious composite material would
result from improved fiber-matrix bond.
This newly developed material has been shown conceptually and experimentally to
be an excellent material for applications where high strength, energy dissipation, and self-
sensing capabilities are desired.
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Chapter 1. Introduction
1.1 Overview
Concrete is relatively brittle, and its tensile strength is typically only about one tenths
of its compressive strength. Fiber reinforced concrete (PRC) uses short randomly
distributed fibers to carry tensile loads. Various types of short, randomly dispersed fibers
are used with the primary objective to increase the tensile and flexural strength of
cement-based materials (Balaguru and Shah, 1992). In addition to increase in strength,
the energy absorption capacity and toughness of the material is also increased due to the
addition of fibers.
Some fiber materials that have been used include glass, polymer, steel, and carbon.
While steel fibers are probably the most widely used in concrete and the most effective
fibers for many applications, other types of fiber are more appropriate for special
applications. Table 1.1 illustrates some of the typical properties of different types of
fibers. As shown in Figure 1.1, straight, hooked, crimped, enlarged end, and other fibers
of many lengths have been used. Various cross sectional shapes have also been used as
shown in Figure 1.2.
Much research has been done on the benefits of fiber reinforcement. Table 1.2 shows
a brief summary qf results excerpted from various researchers' works.
How does the addition of a small amount of fibers result in such a dramatic change
in the properties of the material? To understand this it is necessary to examine more
closely at the way PRC behaves.
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Table 1.1 Typical Properties of Various Fiber Types
Fiber Type Typical Lengths Typical Diameters Tensile Strength
Steel l 1.2-2 in. .024 - .047 in. 138 - 170 ksi
Carbon:l 0.25 -0.5 in. .0003 in. 711 ksi
Nylonj 1.5 - 2.0 in. .0009 in. 130 ksi
Notes: 1) Sample product information from www.novocon.com
2) Examples for fibers available from the Toray group.
3) Typical properties of Nycon® fibers (http://www.artcrete-
europe.com/english/nycon.htm)
~ [ J ~ ~
straight hooked crimped double ordinary
duoform duofom
~ ] ~ ~
paddled enlarged irregular indented
ends
Figure 1.1 Different fiber shapes
round (wIre) ractangular (sheet) irregular
(melt extract)
Figure 1.2 Different fiber cross sections
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Concrete is a brittle material and is therefore subject to sudden fracture. This
problem has typically been overcome with the use of continuous reinforcing bars to carry
tensile loads. In fiber reinforced concrete, fibers bridge across crack openings, preventing
brittle failure and allowing for further increase in strain. Depending on the type and
volume of fibers used, the matrix may exhibit a hardening or softening behavior in the
cracked state. For example in many applications, fiber volume percentages of less than
one percent are used resulting in insignificant increase in the tensile strength of the
material. On the other hand, volume fractions higher than five percent have been used
resulting in order of magnitude increases in tensile strength (Balaguru and Shah 1992).
As tensile strains increase in PRC, the first event to occur is the cracking of the
cement matrix. At this point, for low fiber volume fractions, there will be an immediate
drop in the tensile stress that can be supported. After this point, the fibers will begin to
pull out of the matrix, resulting in a gradual decrease in tensile strength. The general
shape of the stress-strain curve for low volume fraction PRC is shown in Figure l.3a.
For high fiber volume fractions, the tensile strength continues to increase after the
matrix cracks. Eventually the fibers begin to pull out of the matrix and the stress-strain
curve will begin to slope downward. The general shape of the stress strain curve for high
volume fraction PRC is shown in Figure l.3b.
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Table 1.2 Selected FRC Research Results
Researcher Test Types Result
Ramakrishnan, et Compressive strength, flexural Flexural toughness index of
al. 1981 strength, toughness, impact, and FRC shown to be more than 6
fatigue tests for 4 different mixes times that for plain concrete.
using hooked end steel fibers. Improved ultimate impact
resistance by 4: 1 ratio.
Chen and Chung Tensile, compressive, and Comparing FRC to plain
1996 flexural strength tests along with concrete, tensile strength is
flexural toughness for plain increased over 100 percent, and
concrete with steel, carbon, and flexural toughness is increased
polyethylene FRC, with and up to 5.8 percent. Results
without latex addition. amplified with use of latex.
Shah and Rangan Flexural tests of plain concrete Flexural strength increases of
1971 and FRC with various lengths of 50 to 70 percent and toughness
steel fibers' increases of 100 to 1000 percent
were measured.
Strain
Matrix Cracking
Fiber Pullout
.. Fi~
Pullout
Strain
a) Low Fiber Volume b) High Fiber Volume
Figure 1.3 Stress-Strain Curves for FRC
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As mentioned before, fiber reinforcement also has a significant beneficial effect on
the flexural toughness of cement materials. The flexural toughness is an index used to
represent the energy absorption capacity of a material. The higher flexural resistance and
higher ductility of a fiber reinforced cement material allows for a higher amount of
energy to be dissipated during loading. The increased energy absorption capacity of FRC
is due to the energy required not only to fracture the concrete, but also to pull out and
deform the individual fibers (Taha and Shrive 2001).
It has been shown that the use of fibers in concrete provides improved resistance to
fatigue. Tests using straight steel fibers at 2 to 2.98 volume percent show that for up to 2
million cycles FRC beams can sustain up to 83% of first crack stress (Batson et al. 1972).
Tests with only 0.2% volume percentage polypropylene fibers have also demonstrated the
improved fatigue properties ofFRC (Ramakrishnan et al. 1987).
When subjected to impact loading, FRC has also been shown to have greatly
improved properties over traditional concrete. Using an instrumented drop weight test,
steel-fiber reinforced concrete (SFRC) beams with a volume fraction of 1 percent and an
aspect ratio (Le., length/diameter for round fiber) of 100 were shown to dissipate 26.8
times more energy up to a central deflection of 0.1 in. than plain mortar beams. Likewise,
for instrumented Charpy impact tests, with an aspect ratio of 63 and volume fractions of
0.5, 1.0, and 1.5 percent, SFRC specimens respectively dissipated 25,30 and 44 times as
much energy as plain concrete specimens (Gopalaratnam and Shah 1986).
Various materials have been used for fiber reinforcement, and there are positives and
negatives to each material. The materials mainly used for fiber reinforcement are steel,
carbon, or polymer. Steel fibers are one of the most commonly used fibers for reinforcing
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concrete. Especially when used with hooked or deformed ends, steel fibers have been
shown to be particularly effective at increasing tensile strength. One of the main
drawbacks to the use of carbon steel fibers is their susceptibility to corrosion. For this
reason stainless steel fibers are available although at much higher cost. The main
attraction to the use of carbon fibers in concrete is their low cost relative to steel and
polymer fibers, and that carbon FRC has been shown to have the ability of self-sensing
strain or stress by monitoring change in electrical resistance (Chen and Chung 1996a).
The use of carbon fibers, however, does not provide the same level of improvement to
ductility and toughness that other fibers have been shown to provide. Polymer fibers,
especially polyethylene, have been shown to provide greater ductility increase than steel
or carbon fibers with a comparable increase in tensile strength. Polyethylene fibers are
slightly more expensive than carbon fibers, yet still less costly than steel fibers (Chen and
Chung 1~6b). For each application it needs to be determined which type of fiber is
optimal in satisfying the product specifications. Some of the factors that need to be
considered in the selection process are strength, ductility, toughness, durability, and cost.
In this research Nickel-titanium (NiTi) alloy fibers are being introduced as
reinforcement for cement materials. The basic mechanical properties of NiTi are shown
in Table 1.3. NiTi alloys have been shown to exhibit the superelastic effect. At the
appropriate temperature the superelastic alloy is in a hard austenite phase. When the
material is loaded induced stresses can cause some of the material to undergo a phase
transformation to the martensite phase. The martensite phase is more flexible thereby
causing a change in the load deflection curve similar to yielding. When the stress is
removed however, the material returns completely to the austenite phase and the material
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returns elastically to its original shape. Since the loading and the unloading curves of the
material follow two different paths energy is dissipated with each loading unloading
cycle. Since NiTi has excellent resistance to fatigue (Humbeeck and Stalmans 1998),
large recoverable ductility (Humbeeck and Stalmans 1998), and energy dissipation with
loading and unloading it is ideal for use in dynamic situations. A typical load stress
strain curve for a superelastic material is shown in Figure 1.4.
The properties of superelastic materials make them good candidates to use as
reinforcing fibers for concrete. Superelastic materials have the ability to bridge across a
crack that has formed in a cement matrix and, if no fiber pullout occurs, to take advantage
of the superelastic effect upon unloading and completely close the crack that has formed.
Superelastic fibers can withstand and recover large strains, thereby closing cracks that
have formed and returning the matrix to a more serviceable state. Under impact or any
dynamic loading superelastic fibers can exhibit large ductility and damping through
energy dissipation. Other useful properties of superelastic alloys include the Shape
Memory Effect (Hodgson and Biermann 1999), which has potential uses for active
structural control, high fatigue life (Humbeeck and Stalmans 1998), and good resistance
to corrosion (Funakubo 1987).
Recently it has been shown that carbon fiber reinforced mortar can be used for self
strain sensing by monitoring changes in the electrical resistivity of the material (Chen and
Chung 1996a). Studies on fiber reinforced mortar and concrete specimens loaded in axial
compression have shown that the bulk electrical resistivity of the material varies with the
load history (Reza et al. 2001). The strain sensing ability is caused by the strain induced
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Table 1.3 Basic properties of NiTi Alloy
Density, g/cm3 6.5
Elastic Modulus, GPa 83 (Austenite), 28 - 41 (Martensite)
Yield Strength, Mpa Austenite 195 - 690, martensite 70 - 140
Tensile Strength, MPa 895
Elongation at failure 25% - 50%, 8.5% recoverable
Loading
en
en
e
-en
Unloading
Strain
Figure 1.4 Typical Loading Unloading Curve for Superelastic Material
Table 1.4 Electrical Resistance Properties of NiTi, Carbon, and Steel Fibers
Fiber Type Electrical Resistivity, un-cm
Carbon 300
NiTi Austenite 100*, martensite 70
Steel 20
Notes: *Measured reSIstivity for austemte NiTi wire using a calibrated DMM is different
from the manufacturer's predicted value. Measured value is 127 J,LO-cm
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slight push-in or pull-out of fibers bridging cracks in the material (Chen and Chung
1996b). NiTi alloys have the potential to be used in FRC for self-strain sensing because
they have a comparable electrical resistance to carbon fibers as shown in Table 1.4 and
can thus be added in similar proportions to those that have been demonstrated to create
this effect.
The development of concrete reinforced with short, randomly distributed superelastic
metal fibers thus represents the joining of aspects from the above described three
technology areas - fiber reinforcement, superelastic alloys, and electrical resistance
monitoring - to develop a new and useful material.
1.2 Scope and Organization of the Thesis
This thesis will be presented in five chapters as shown.
Chapter 1 Introduction - Presents basic concepts and necessary background
information.
Chapter 2 Specimen Preparation - Includes infomiation about all materials used and
detailed information about the preparation of experimental specimens.
Chapter 3 Experiments - Describes what experiments were conducted and how data
was collected.
Chapter 4 Results - Presents and interprets the results of the experiments that were
performed.
Chapter 5 Conclusion - Summarizes the final results of all work, presents potential
applications of the new knowledge, and discusses future research needs.
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Chapter 2. Specimen Preparation
2.1 Overview of Specimen Size, Geometry and Batch
Plain mortar and various fiber reinforced mortar (FRM) specimens were cast for use
in compression, flexural, and impact tests. Compression specimens were 2" diameter
cylinders with 4" height. Flexural and impact specimens were 2" x 2" x 8" prisms. Four
separate sets of specimens were cast. The specimens created in each batch are listed in
Table 2.1.
Table 2.1 Type and Number of Specimens Cast in Each Batch
Batch Number Material Type Number of Prisms Number of Cylinders
1 Plain Mortar 24 8
2 CarbonFRM 24 8
3 NiTiFRM 24 10
4 SteelFRM 21 6
2.2 Material Properties
In order to achieve maximum consistency for all batches, a commercially available
mortar mix was used. The mortar used was Sika Monotop 611, which is described by the
manufacturer (Sika 2003) as, "a one component silica fume-enhanced, polymer-modified,
Portland-cement, mortar." Table 2.2 shows some of the properties of the mortar as
provided by the manufacturer. A more detailed data sheet for Sika Monotop 611 is
attached as an appendix.
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Table 2.2 Manufacturers predicted properties for Sika Monotop 611
Compressive Strength I-day 3000 psi
Compressive Strength 7-day 5500 psi
Compressive Strength 28-day 6500 psi
Flexural Strength 720 psi
It is desirable to add superplasticizer to fiber reinforced concrete mix to improve
workability and methylcellulose to assist the even distribution of all constituent materials
throughout the mix. The superplasticizers that were used were Eucon-37 for the plain
mortar batch, and Sikament 86 for the fiber reinforced batches. The methylcellulose was
obtained from the Dow Chemical Company. Table 2.3 shows the mixture proportions for
each batch. Both the superplasticizer and methylcellulose were proportioned according to
their manufacturers' recommendations. It was found to be necessary however to add
addition quantities of the superplasticizer to allow for the desired workability when fibers
were added.
The carbon fibers that were used were obtained from Toray Carbon Fibers America,
Inc. The type was T700S and the fibers were 6 mm in length. The NiTi fibers and
stainless steel fibers were both obtained in the form of spooled wire and were manually
cut to length. The properties of the three types of fibers as provided by their
manufacturers are summarized in Table 2.4.
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Table 2.3 Batch Mixture Proportions
Plain Mortar Carbon Fiber NiTi Fiber Steel Fiber
Sika Monotop 611 Mix, lbs 71.5 71.5 71.5 54
Water, gal. 1.43 1.43 1.43 1.08
Fiber Volume Fraction, % 0.6 0.6 0.6 0.6
Superplasticizer, milliliters 300 300 400 300
Methylcellulose, grams 5.4 5.4 5.4 4.1
Table 2.4 Properties of Various Fibers Used in This Study
Carbon Stainless Steel§ NiTi *
Nominal Length, mm 6 17 17
Nominal Diameter, J,1IIl 7 127 127
Fiber Aspect Ratio 857 134 134
Ultimate Tensile Strength, MPa 2900 621 1900
Elastic Modulus, GPa 230 193 83 (28 -41)
Elongation, % 2.1 25 25 - 50
Density, g/cm3 1.80 7.89 6.45
Electrical Resistivity, un-cm 300 72 100'" (80)
Notes: * Austenite phase (Martensite phase shown in bracket)
§ Yield strength of Stainless Steel (type 304) corresponding to 0.2% strain is 290
MPa.
oTe Measured resistivity for austenite NiTi wire is 127 ~-cm using a calibrated
digital multimeter.
2.3 Properties of NiTi
The property that is being focused on in this research is superelasticity, also
sometimes referred to as pseudoelasticity. As it was described in the preceding chapter,
superelastic materials are capable of recovering very large deformations. Also, since the
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loading and unloading force-defonnation curves of the material follow different paths,
energy is dissipated with every loading and unloading cycle. Passive damping devices
have been developed that take advantage of the energy dissipating properties of
superelastic NiTi alloys (Clark et al. 1995).
The transition of NiTi alloys between the austenite and martensite phases can also be
taken advantage of to create what's known as a shape memory alloy (SMA). One of the
properties of NiTi that has sparked the most interest is the shape memory effect. NiTi and
other shape memory alloys are characterized by their ability to recover plastic
defonnation induced while the crystal structure is in the martensitic form (Krstulovic-
Opara and Naaman 2000). A shape memory alloy can be "trained" to a certain shape. If it
is deformed out of that shape, it can be heated to the temperature where the martensite
phase transfonnation begins. It can recover much of its defonnation and in some cases
will return to its original undefonned shape. Researchers have used SMAs for various
purposes, including smart base isolation (Wilde et al. 1997) and self induced prestressing
(Krstulovic-Opara and Naaman 2000).
NiTi is also a useful alloy for several other reasons including corrosion resistance
and excellent fatigue properties (Liang and Rogers 1993).
2.4 Specimen Casting Procedure
The apparatus used, specimen size guidelines, materials, and curing of the specimens
was done in compliance with the ASTM standard C192 (American Society for Testing
and Materials 2002).
The prism specimens were cast in steel molds (Figure 2.1) measuring 2" x 2" x 25"
long. The prism molds were made of steel and were assembled from four 2" angles
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Figure 2.1 Prism Molds
clamped securely to a flat steel plate. At the end of curing, three 2" x 2" x 8" specimens
were cut from each of the longer prisms (Figure 2.2). The molds used for the cylinders
were commercially available plastic molds obtained from Jatco Inc.
The mixer used was a Lancaster-Eirich counter-current rapid batch mixer. The mixer
had a maximum capacity of 1.75 cubic feet.
Figure 2.3 shows the procedure that was followed for mixing each batch of mortar.
This procedure is recommended by the mortar manufacturer and slightly modified for the
addition of fiber reinforcement.
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Figure 2.2 Cutting of Prism Specimens
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Figure 2.3 Mortar Mixing Procedure
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Figure 2.4 Cured NiTi Specimens
Once the mortar was mixed to a homogeneous state, it was placed in the molds.
Mortar was scooped from the mixer and poured into the molds as quickly as possible. A
Wyco Tool vibrator was applied to the outside of the steel molds while the mortar was
being placed. Once the molds were filled, the tops were smoothed manually to a smooth
finish. After the mortar had hardened slightly the specimens were covered with wet
burlap and enclosed with plastic. After 24 hours the specimens were removed from the
mold. They were then cured at room temperature under wet burlap and plastic for a total
time of 28 days. Before the prism specimens were tested each of the 2" x 2" x 25"
specimens was cut into three 2" x 2" x 8" specimens. Figure 2.4 shows a complete batch
of cured specimen before being cut.
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Chapter 3. Experiments
3.1 Overview
The following types of experiments were performed in this research:
• Compressive Strength with Electrical Resistance Monitoring(ERM)
• Compressive Strength without ERM
• Flexural Toughness with ERM
• Flexural Toughness without ERM
• Instrumented Drop-weight Impact Test
The objective of the experimentation is to make a direct comparison between the
effects on the mechanical properties of the cementitious composite materials by the use
of carbon, steel, and NiTi fibers. The test scheme was developed in accordance with the
ACI 544.2R-89 note (1989).
3.2 Compression Test
All compression tests were performed along the guidelines of ASTM C39 with the
primary exception that the cylinders tested were 2" in diameter and 4" in height. Some of
the compression tests were conducted using neoprene pads, but slipping of the caps
prevented some of the cylinder specimens from being loaded to failure (Fig. 3.1).
Therefore, the remaining compression tests were conducted using sulfur end caps. The
testing machine that was used to load the cylinders was a MTS 810 (Fig. 3.2). The data
was collected using a Keithley 12-bit data acquisition system (Fig. 3.3). For all
compression tests the loading rate was 0.0002 in/sec.
19
Figure 3.1 Compression Test with Neoprene Pad Slipped out during test
Figure 3.2 MTS 810 Test Machine
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Figure 3.1 Compression Test with Neoprene Pad Slipped out during test
Figure 3.2 MTS 810 Test Machine
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Figure 3.3 Keithley Data Acquisition System
3.3 Flexural Toughness Test
All flexural toughness tests were performed along the guidelines of ASTM C1018,
and the beams that were tested were 2" x 2" x 8" (Fig. 3.4). The beams were simply
supported at a span of 6" and the load was applied at the third points of the span (Fig.
3.5). The load was distributed using a short steel beam on rollers. The testing machine
that was used to load the cylinders was a MTS 810. The data was collected using a
Keithley 12 bit data acquisition system (Fig. 3.3). A yoke system was used to measure
displacements (Fig. 3.6). A steel yoke was supported on the beam over the support points.
The displacements were then measured between the yoke and the center top of the beam
using two lA" LVDTs. The yoke system was used to eliminate the effects of local
crushing of the specimen or support displacement on the overall displacement
measurements. For each round of beams tested some beams were loaded monotonically
from zero to failure (Fig. 3.7), while others were loaded in incrementally increasing
21
cycles (Fig. 3.8). For all flexural tests the load was applied with a constant crosshead
displacement of 0.00024 in.lsec. A picture of the flexural test setup before beam failure
is shown in figure 3.6.
Figure 3.4 Beam Specimen
Figure 3.5 Third-point Flexural Test Set-up
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Figure 3.5 Third-point Flexural Test Set-up
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Figure 3.6 Flexural Test Setup
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3.4 Instrumented Drop-Weight Impact Test
The instrumented impact tests were all conducted using an Instron Dynatup Model
8250 Instrumented Impact Test System (Fig. 3.9) at Worcester Polytechnic Institute.
Beams of a dimension 2" x 2" x 8" were used. The beams were placed on two simple
supports with a span of 6" (Fig. 3.10) and the ends of the beams were held down with
nylon straps directly over the supports (Fig. 3.11). This was done to prevent the beams
from flying off the supports after impact. The impact head had steel rods spaced at 2" to
impact the beam at the third points of the span.
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Figure 3.9 Instron Dynatup Model 8250 Instrumented Impact Test System
Figure 3.10 Impact Head and Test Fixture
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Figure 3.11 Close-up View of a Specimen before Impact Test
The impact tests were conducted at two different energy levels. The lower energy level
tests used an impact speed of 6.7 ftls and an impact mass of 8.2 lbs. The higher energy
level tests used an impact speed of 12.1 ft/s and an impact mass of 15.3 lbs. During the
impact event the velocity of the impact head was measured when an attached flag passed
a laser velocity detector and the load in the impact tup was recorded at a sampling rate of
6 microseconds. From this information the Dynatup software automatically calculates the
load, velocity, displacement and energy histories of the impact head during the impact
event. More information about how these calculations are performed is available from
Instron l . A high speed video camera (Fig. 3.12) was also used during the impact tests to
I http://www.instron.com
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Figure 3.12 High Speed Video Camera
observe the behavior of the beams under high loading rates. The video was taken at a
frame rate of 4500 frames/second.
3.5 Electrical Resistance Monitoring
During the compression and flexural tests it was desirable for the changes in the
electrical resistivity to be measured continuously throughout the duration of the test. This
was done using the four-ring method (Reza et al. 2001). Rings of silver paint were
applied to the specimen at four locations along the length of the specimen. For the
cylinders the rings were spaced I" from each other along the height (Figure 3.14). For the
beam specimens the rings were placed at W' inside and outside of each support point
(Figure 3.15). At the silver paint locations strips of copper mesh are wrapped around the
specimens providing a contact point for the electrical measurement devices.
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Function Generator
Figure 3.13 Four-Ring Configuration for Electrical Resistance Measurement
Figure 3.14 Cylinder specimen prepared for electrical resistance measurements
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Figure 3.15 Prism specimen prepared for electrical resistance measurements
The outer two contact points are connected to a function generator and digital
multimeter in series. This generates and measures an AC current at a frequency of 100 Hz
in the specimen. Another digital multimeter is connected to the inner two contact points
to record the AC voltage across those points. The data for the current and voltage in the
specimen was logged in the two multimeters at a sampling period of one second. After
the test was completed this data was uploaded into a computer using a RS-232 interface.
Once the current and voltage were known the resistance could be calculated from
Ohm's law (Eqn. 3.1).
Voltage = Current *Resistance (3.1)
The equipment that was used for the electrical resistance measurements is listed in Table
3.1.
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Figure 3.15 Prism specimen prepared for electrical resistance measurements
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Figure 3.16 Equipment for Electrical Resistance Measurements
Table 3.1 Equipment for Electrical Resistance Measurement
Function Generator
Digital Multimeters
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Chapter 4. Experiment Results
4.1 Overview
Experiments were performed on four different materials. The strength, toughness,
impact resistance, and electrical resistance properties of plain mortar, carbon FRM, steel
FRM, and NiTi FRM were tested for direct comparison. In all cases it was determined
that mortar reinforced with short, randomly distributed Nickel-Titanium fibers is a
material with very desirable properties in comparison to the other materials tested.
4.2 Compressive Strength
It has been shown by other researchers that the addition of fibers at low volume
fractions does not have a significant effect on the compressive strength of mortar
(Balaguru and Shah 1992). It was expected that, since all the compression samples in this
study were cast under the same conditions with the same mix proportions, the
compressive strengths from specimen to specimen would not vary greatly. Table 4.1
shows the mean 28-day compressive strength determined for each type of material.
Table 4.1 Mean Compressive Strengths
CarbonFRM 8371 psi
SteelFRM 7126 psi
NiTiFRM* 7293 (7550) psi
Note: * First value for 28 day test with neoprene caps; value in parenthesis for 174 days
with sulfur caps.
The failure mode for all of the FRM cylinders was the formation of a slow growing
crack angled across the length of the specimen (Figure 4.1). The plain mortar and carbon
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Figure 4.1 Failure Mode for FRM Cylinder
FRM specimens formed cracks quickly with significant energy, creating a loud cracking
sound. The Steel and NiTi FRM cylinders failed gradually with slow crack formation.
Generally slope of the load-time curve would be observed to decrease subsequent to the
sudden failure of the cylinder.
For the compression tests of the plain mortar specimens the cylinder ends were
ground flat and did not use sulphur capping or neoprene caps. These specimens
experienced failures that indicated that the loads were not evenly distributed across the
circular cross section of the specimen. Therefore the results obtained from those tests
were not considered valid.
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Figure 4.1 Failure Mode for FRM Cylinder
FRM specimens formed cracks quickly with significant energy. creating a loud cracking
sound. The Steel and NiTi FRt\1 cylinders failed gradually with slow crack. formation.
Generally slope of the load-time curve would be observed to decrease subsequent to the
sudden failure of the cylinder.
For the compression tests of the plain mortar speCImens the cylinder ends were
ground nat and did not use sulphur capping or neoprene caps. These specimens
experienced failures that indicated that the loads \vere not evenly distributed across the
circular cross section of the specimen. Therefore the results obtained from those tests
were not considered valid.
. I
Figure 4.2 Carbon FRM cylinder after failure
Figure 4.3 NiTi FRM cylinder after failure
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Figure 4.2 Carbon FRM cylinder after failure
Figure 4.3 NiTi FRM cylinder after failure
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Figure 4.4 Steel FRM cylinder after failure
4.3 Flexural Strength
As was discussed in Chapter 1, adding fibers into the mortar matrix mayor may not
increase the flexural strength of the material. The effect on flexural strength will depend
on the properties of the matrix, the fibers, and the fiber-matrix bond. Table 4.2 presents
the mean values for the 28-day flexural strength of the three fiber reinforced materials.
Table 4.2 Average Flexural Strength of FRM Beam Specimens
Material Type Average Flexural Strength (psi)
NiTiFRM 826
SteelFRM 575
CarbonFRM 1121
For the best comparison the flexural strengths of the NiTi FRM specimens and the
Steel FRM specimens are considered. These are a good comparison since they have
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similar compressive strengths and they contain the same quantity, length and diameter of
metallic fibers. For these two cases the flexural strength of the NiTi FRM exceeds that of
the Steel FRM by more than 40%. The high flexural strength of the Carbon FRM can be
explained by the high aspect ratio of the carbon fibers as shown in Table 2.4.
Flexural specimen failure occurred by the gradual formation of a flexure crack
located within the constant moment region between the third points of the beam
specimen. Upon observation of a slope change in the load-deflection curve a very small
crack could be observed during the test. This crack would then continue to widen and
propagate upward as the test progressed. Figures 4.5 and 4.6 show a cracked beam
specimen at various stages of cracking. Figures 4.7 through 4.10 show the after cracked
states of each type of beam specimen.
Figure 4.5 Beam Specimen with Initial Cracking
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Figure 4.6 Beam Specimen :with Extensive Cracking
Figure 4.7 Plain Mortar Beam After Failure
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Figure 4.6 Beam Specimen with Extensive Cracking
Figure 4.7 Plain Mortar Beam After Failure
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Figure 4.8 Carbon FRM Beam After Failure
Figure 4.9 Steel FRM Beam After Failure
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Figure 4.8 Carbon FRM Beam After Failure
Figure 4.9 Steel FRM Beam After Failure
37
Figure 4.10 NiTi FRM Beam After Failure
4.4 Toughness
The toughness of a material is an indicator of the energy that the material can
dissipate when it is deformed. It is used to characterize the material's ability to resist
fracture when subjected to static loads, dynamic loads, or impact. Toughness is calculated
using the energy absorbed by the specimen as represented by the area under its load-
deflection curve. In order to compensate for differences in testing conditions, the
nondimensional indices Is, 110, and 130 can be calculated. These represent the ratios of the
area under the load deflection curve at deflections of 3,5.5, and 15.5 times the fIrst crack
deflection respectively, divided by the area under the curve at the first crack deflection
(American Concrete Institute 1989).
To see the relative toughness performance of the difference FRM materials it is
desirable to examine their load deflection curves. Figures 4.11 to 4.13 show the complete
load deflection curves of NiTi FRM, Steel FRM, and Carbon FRM specimens. To make a
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clear comparison, the load deflection curve of a representative sample from each type of
material is also shown in Figure 4.14.
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Figure 4.14 Comparison of Three Different Load Deflection Curves
All three materials exhibit elastic behavior up to the first crack as is typical for
cement based materials. Mter the crack their behavior is quite different.
The NiTi FRMspecimens exhibit a continued increase in the load after the specimen
cracks up to a typical center displacement of 0.015". After the maximum load point the
load begins to slowly decrease with continued displacement. At a center point
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displacement of 0.1" NiTi FRM specimens typically sustain more than 70% of their peak
load.
At the point where the matrix cracks, the steel FRM specimens typically exhibited a
significant immediate drop in the load they could sustain. This immediate drop represents
approximately 15 - 25% of the peak load. After the immediate drop the load that can be
sustained decreases at a slow rate with continued displacement. When the center point
deflection reaches 0.1" the amount of load that can be sustained is typically 40 - 45% of
the peak load.
The results of the carbon FRM specimens show that after the peak load is reached
the load carrying capacity of the specimen decreases quickly. At a center displacement of
0.05" is has typically lost 95% of its load carrying capacity.
The calculation of the toughness indices establishes a definitive comparison of the
energy absorption capacity of the materials. Table 4.3 shows a comparison of the
toughness indices Is, 110, 130 and first crack deflections as calculated for the curves shown
in Figure 4.14.
Table 4.3 Toughness Indices for NiTi, Steel, and Carbon FRM
NiTi Steel Carbon
First Crack Deflection, in. 0.00165 0.00162 0.00215
IS 4.97 4.41 4.64
110 10.28 8.55 7.22
130 31.75 23.83 10.10
41
It can be seen from the load-deflection curves that the NiTi FRM has much greater
toughness than the steel and carbon FRM and this is again confmned by the calculation
of the toughness indices listed in Table 4.3. Furthermore, although not shown here, the
amount by which the indices for NiTi FRM exceed those for the other materials increases
as the displacement that corresponds to the index increases.
4.5 Impact
At the time of this writing the impact tests are still being conducted on the Steel
FRM specimens, but the results of the instrumented impact testing completed so far give
further evidence to the high energy absorption capacity of NiTi FRM compared to carbon
FRM and plain mortar.
The data collected during the test is inconclusive as to the comparative performance
between the specimens. Table 4.4 shows the peak load reached and total energy
dissipated for the tests that have been returned so far. The lower energy level tests used
an impact speed of 6.7 ftls and an impact mass of 8.2 lbs. The higher energy level tests
used an impact speed of 12.1 ft/s and an impact mass of IS.3Ibs.
There are some important facts to point out when examining the impact data. The
most important is that this data is calculated directly from the initial velocity, and the load
record. For this type of test it would be ideal to have an accurate record of the specimen
displacement during impact event. Then, the force due to specimen inertia could be
separated from the force due to specimen deformation. The displacement record for our
specimens is not known therefore we cannot filter out the inertial force.
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Table 4.4 Summarized Data from Instrumented Impact Tests
Material Type Impact Ener2Y Peak Load (lbs) Ener2Y Dissipated (ft-Ib)
NiTiFRM Low 2604 4.97
NiTiFRM Low 3450 5.64
NiTiFRM Low 3247 5.72
Plain Mortar Low 2872 4.44
Plain Mortar Low 3149 4.46
Plain Mortar Low 2784 4.58
CarbonFRM Low 2787 5.27
CarbonFRM Low 3394 5.59
CarbonFRM Low 2874 5.63
NiTiFRM High 6144 15.64
NiTiFRM High 6720 17.12
NiTiFRM High 6501 17.39
Plain Mortar High 5235 15.71
It's also important to note that this data is calculated for the first positive cycle of the
impact event. Therefore the data does not distinguish between specimens where the
impact event was completely resisted and the impact head bounced back after impact and
specimens where complete fracture occurred and the impact head passed completely
through the specimen. It is obvious upon observation that a specimen that remains intact
after impact has outperformed a specimen that has completely fractured. This is not,
however, shown in the data.
The most significant observations from the impact tests are simply the final state of
the beams after the impact event was complete. At both the lower impact energy level all
of the plain mortar specimens completely broke into two pieces during the impact (Figure
4.15). This complete failure also occurred for two of the three carbon FRM specimens.
All three of the NiTi FRM specimens, however, only developed small cracks. Even at the
high impact energy, the NiTi FRM specimens developed large cracks, but did not
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Figure 4.15 Completely Fractured Impact Plain Mortar Specimen
completely fracture (Figure 4.16). Another interesting fact is that at the low energy level
all the specimens developed single cracks near the center of the specimen, but at the high
energy level, the NiTi FRM specimens always developed two cracks below the loading
points.
Another difference in behavior that can be observed in the different materials is that
for the NiTi and steel FRM the bond between the matrix and the fibers fails, and the
fibers pull out of the matrix. In the carbon FRM specimens the fibers themselves fracture.
This provides for the possibility that if the bond between the matrix and the NiTi fibers
could be improved, possibly by using longer or deformed fibers, even greater energy
dissipation could be possible.
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Figure 4.15 Completely Fractured Impact Plain Mortar Specimen
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Figure 4.16 Cracked Impact NiTi FRM Specimen
4.6 Electrical Resistance
The electrical resistance measurements were intended to compare the degree to
which the electrical resistance of each material changes during loading and unloading.
The purpose of monitoring the electrical resistance change in the material is to determine
structural health condition. The material should give a clear and consistent indication of
its stress or damage level by its change in resistance measurement.
To illustrate how the electrical resistance changes with stress and damage graphs
have been prepared showing the specimen load history and the corresponding changes in
electrical resistance.
Figure 4.17 shows the corresponding change in resistance associated with loading a
NiTi FRM cylinder. As the load increases and the cylinder is compressed the resistance
decreases.
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Figure 4.16 Cracked Impact NiTi FRM Specimen
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Figure 4.17 Change in Electrical Resistance of NiTi FRM Cylinder
Figures 4.18 through 4.20 show load-displacement curves with the variation of the
electrical resistance for NiTi, Steel, and Carbon FRM beam specimens. Each of the three
materials shows sensitivity such that after cracking occurs the electrical resistance
increases. However, note that for the steel FRM beam there is no significant change in
the electrical resistance associated with the post cracked cycling of the load, whereas for
the NiTi and Carbon FRM beams, the electrical resistance indicates that the load was
reduced and then reapplied.
To make the monitoring of electrical resistance useful for structural health
monitoring it would be desirable to find a direct correlation between load, deformation,
and resistance. This study tested a limited number of specimens and some of those tests
did not give conclusive results due to problems such as inconsistent contact with the
electrodes. For all specimens where the test conditions did not create a problem, however,
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it could be observed that for cracked specimens, NiTi and Carbon FRM exhibit a similar
sensitivity to changes in loading that is not observed in Steel FRM.
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Chapter 5. Conclusions
5.1 Potential Applications
Based upon its strength, energy absorption, and self-sensing properties, NiTi PRe
would be an ideal material for use in very critical structures that should resist large
dynamic or impact loads and that could benefit from remote and nondestructive damage
monitoring. Many such structures exist including blast resistant structures for military
applications and nuclear reactor walls. Another potential use is to include NiTi fibers at
key locations, such as joints, in a concrete building subject to earthquake loading.
5.2 Future Research
This study is meant as a first examination into the properties of cement materials
reinforced with superelastic NiTi fibers. It has been shown that this new material has
many desirable properties and is worthy of more comprehensive research and
development. Almost any aspect of this research would be worthy of more in depth study.
For example, it would be helpful to manufacture specimens with different types and
dimensions of superelastic fibers. All the experiments in this study used one type of NiTi
fibers, and there are many types available. It would also be desirable to conduct a more
thorough study into the micromechanical behavior of the material and determine the
precise explanation for the superior behavior of this material. There is no shortage of
further work that needs to be done to bring this exciting new material to a point where it
is ready to be placed into the applications for which it is ideal.
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5.3 Final Conclusions
It can be concluded from the experiments that were performed that NiTi fiber
reinforced mortar exhibits excellent properties of flexural strength, toughness, and impact
resistance when compared with stainless steel and carbon fiber reinforced mortars. It also
has the ability of self-sensing damage using the technique of electrical resistance
monitoring. Mortar reinforced with short, randomly distributed, NiTi fibers is therefore
believed to constitute a unique smart material with the excellent strength and energy
absorption properties.
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This material will meet customer specifications and shall be free oflubricants, chips, dirt, debris.
Shape Memory Applications, Inc. does not warrant against any damage arising from the use of this
product, or any other damage contingent or otherwise which might arise in connection with this product.
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Our Products
TORAYCA®
QUALITY CARBON FillER
Page rof2
'TORAY'
TORAY GROUP
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The best from TORAY, leader in carbon fiber technology.
TORAYCA®·TYPICAL FIBER PROPERTIES
Number Tensile Tensile Elongation* Standard
' '
FIBER
of Sizing Strength* Modulus* Yield Density Spool SizeTYPE Filaments Type ksi Mpa msi GPa % wlOOOm wcm3 (kg)
1,000 4,5 66 1.0
1'300 3,000 1) 4,5 512 3,530 33.4 230 ' 1.5 198 1.76 2.06,000 1) 4,5 396 2.0
12,000 1) 4.5 800 4.0
3,000 2) 4 198 2.0
T300J 6,0002) 4 611 4,210 33.4 230 1.8 396 1.78 2.0
12,000 5 800 4.0
T400H 3,000 4 640 4,410 36.3 250 1.8 198 1.80 2.06,000 4 396 2.0
T600S 24,0003) 5.6 600 4,140 33.4 230 1.8 1.700 1.79 6.0
TIOOS 12,000 3) 5,6,F 711 4,900 33.4 230 2.1 800 1.80 6.024.0003) 5,6,F 1.650 6.0
TIOOG 12,000 3) 3 711 4,900 34.8 240 2.0 800 1.80 6.024.0003) 3 1.650 6.0
TBooH 6.000 1) 4 796 5,490 42.7 294 1.9 223 1.81 2.012.000 1) 4,5 445 4.0
TlOOOG 12,000 4 924 6.370 42.7 294 2.2 485 1.80 2.0
M35J 6,000 5 683 4,700 49.8 343 1.4 225 1.75 1.012,000 5 450 2.0
3,000 5 113 0.5
M40J 6.000 1) 5 640 4,410 54.7 377 1.2 225 1.77 1.0
12.000 1) 5 450 2.0
M46J 6,000 1) 5 611 4,210 63.3 436 1.0 223 1.84 1.012.000 1) 5 445 2.0
M50J 3,000 5 597 4,120 69.0 475 0.8 109 1.88 0.56.000 5 218 1.0
M55J 6,000 5 583 4.020 78.2 540 0.8 218 1.91 0.5
M60J 3.000 5 569 3,920 85.3 588 0.7 103 1.93 0.26,000 5 206 0.4
M30S 18,000 3) 5 796 5,490 42.7 294 1.9 760 1.73 4.0
M30G 18.000 3) 1 739 5.100 42.7 294 1.7 760 1.73 4.0
1.000 5 61 0.15
M40 3,000 4 398 2,740 56.9 392 0.7 182 1.81 1.06,000 1) 5 364 1.5
12.000 1) 5 728 4.0
*Measured using the impregnated strand method.
*This infonnation can be used for material selection purposes only.
1) These equivalent fibers are also produced by SOFICAR in France.
2) These fibers are produced by SOFICAR.
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rbon Fibers
3) These equivalent fibers are also produced by CFA in Alabama.
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Torayca® offers reliability based on
- the world's widest range of user qualifications, utilizing technology backed by Toray's
research and development activities .
-' highly consistent product quality, a result of Toray's quality control system
- a yarn that ensures superior handling and processing
- the largest variety of carbon fiber product specifications, with numerous strength and
modulus combinations available
- a comprehensive quality control system that has satisfied audits by various aircraft
manufacturers
HOME
Terms of Use
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INTENTION~L SECOND EXPOSURE
rbon Fibers
3) These equivalent fibers are also produced by CFA in Alabama.
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Torayca® offers reliability based on
- the world's widest range of user qualifications, utilizing technology backed by Toray's
research and development activities
highly consistent product quality, a result of Toray's quality control system
a yarn that ensures superior handling and processing
the largest variety of carbon fiber product specifications, with numerous strength and
modulus combinations available
a comprehensive quality control system that has satisfied audits by various aircraft
manufacturers
Terms of Use
57
3/02Sika MonoTop@ 611
.~ :@One-component,polymer-modified,silicafumeenhanced,
cementitious pump and pour mortar
aUALlTy
~
..qC/t/l=VEMe.~~
TVPICAl DATA FOR SIKA MOIVOTOP 611
(Material and curing conditions @ 73F (23C) and 50% R.H.)
SHELFUFE 1 year in original. unopened packaging.
STORAGE Store dry at40·95F (4·35C).Conditionmaterialto 65.75Fbefore
CONDITIONS using.
COLOR Concrete gray when mixed.
MIXING RATIO Mix with clean potable water at rate of 1 gallon per bag. Start with
4/5 gallon and temper slowly to consistencyrequired withremainder
of gallon.
APPUCATION Approximately 30 min. after mixing with water. Mortar remains
TIME plastic for a longer period. but will have less adhesion after this
period of time. Application time is dependent on temperature and.
relative humidity.
FLEXURAL STRENGTH (ASTM C,293)
28 days 720 psi (5.0 MPa)
,
SPUTTING TENSILE STRENGTH (ASTM C.496)
28 days 500 psi (3.4 MPa)
BONO STRENGTH" (ASTM C-88Z MODIFIED)
28 days 2.200 psi (15.2 MPa)
COMPRESSIVE STRENGTH (ASTM C.109)
1 day 3.000 psi (20.7 MPa)
7 days 5.500 psi (37.9 MPa)
2Bdays 6.500 psi (44.8 MPa)
CHLORIDE ION PERMEABILITY (AASHTO T.277) < 600 coloumbs
'.:' . .."... ...; '~.' :
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DESCRIPTION
Sika MonoTop 61 1 is a 1·componentsilica
fume·enhanced. polymer.modified. port·
land-cement, mortar.
WHERE TO USE
4 On grade. above. and below grade on
concrete and mortar.
4 On horizontal. vertical and overhead
surfaces•
.I." As a structural repair material for park.
ing facilities. industrial plants. walkways.
bridges, tunnels. and dams.
4 Free-flowing repair mortar for hard-to·
reach areas.
4 Filler for voids and cavities.
4 Leveling mortar.
ADVANTAGES
4 Superior abrasion resistance over con'
ventional portland cement mortar.
4 High bond strength.
4 Compatible with coefficient of thermal
expansion of concrete.
4 Increased resistance to deicing salts.
4 High early strengths.
4 Simple·to.use labor·saving system.
4 Easily mixed.
4 High compressive and flexural strengths.
4 Good freeze/thaw resistance.
4 Easily applied to clean.sound substrate.
4 Not a vapor barrier.
4 Not flammable. non·toxic.
YIELD
Approximately 0.42 cu. ft./unit
Approximately 0.67 cu.ftJunit (50 Ibs. of
MT 611 +42Ibs. 3/8' pea gravel)
PACKAGING
50·lb. multi·wall bag.
HOW TO USE
SUBSTRATE
Concrete,mortar. and masonry products.
SURFACE PREPARATION
ConcreteIMonar: .Remove all deterio-
rated concrete. dirt, oil. grease. and all
bond·inhibiting materials from surface. Be
sure repair area is not less than 1/2 inch In
depth. Preparation work should be done
by high pressure water blast, scabbier. or
other appropriate mechanical means to
Obtain an exposed aggregate surfacewith
a minimum surface proflle of :1:1116 in.
(CSP.5). Saturate surface with clean wa·
ter. Substrate should be saturated surface
dry (SSD) with no standing water during
application.
Reinforcing Steel: Steel reinforcement
should be thoroughly prepared by me·
chanical cleaning to remove all traces of
rust. Where corrosion has occurred due to
the presence ofchlorides. the steel shOUld
, MOl13I' scrubbed Irto substrlllo.
be high.pressure washed with clean water
after mechanical cleaning. For priming of
reinforcing steel use Sika Armatec 110
EpoCem (conSUlt Technical Data Sheet).
PRIMING
For priming of reinforcing steel use Sika
Arrnatec 110 EpoCem (conSUlt Technical
Data Sheet).
MIXING
Sika MonoTop monar: Place 4/5 of 1
gallon water in mixing container. Add Sika
MonoTop while continuing to mix. Add
additional water up to 1 gallon total. Mix to .
a uniform consistency. maximum 3 min-
utes. Mechanically mix wilh a low·speed
drill (400·600 rpm) and paddle orin appro·
priate·size mortar mixer. .
Sika MonoTcip concrete: For applica·
tionS greater than 1 inch in depth. add 31
S·inch coarse aggregate (42·lbJunlt) to
Sika MonoTop 10 produce Sika MonoTop
concrete. Trial mix designs should be con-
ducted to simulate Job conditions. The
aggregate must be non·reactive (refer.
ence ASTMC1 260. C227 and C2S9). clean,
well'graded. saturated surface dry. ha'
low absorption. high density, and comp
with ASTM C33 size number 8 perTable
Mix as above. Introduce aggregate
desired quantity. Mix to uniform consi
tency. maximum 3 minutes.
APPUCATION & FINISH
Form and pour or pump applicatlonl
Pre·wet surface to SSD. Vibrate form whl
pouring or pumping. Pumpwithavariab
pressure pump. Continue pumping until.
3 to 5 psi increase in normal line pressu
is evidentthenSTOP pumping. Formshou
not deflect Ventto be capped whensteai
flow is evident, and forms stripped whl
appropriate.
CURING
As per ACI recommendations for portiaf
cementconcrete. curing is required. Mo
cure with wet burlap and polyethylene,
fine mist of water or a water based' cor
palible curing compound. Curing cor
pounds adversely affect the adhesion
following layers of mortar. leveling morl
orprotective coatings. Moistcuring shou
58
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commence Immediately after finishing.
Protect newly applied material from direct
sunlight, wind. rain and frost.
'Pretesllng 01 curing compound is recommended.
LIMITATIONS
... Application thickness:
Minimum (neat) 1/2 inch (13 mm)
(extended) 1 inch (25 mm)
Maximum (neat) 1 inch (25 mm)
(extended) 6inches (150mm)
... Minimum ambient and surface tempera·
tures 45F (7C) and rising at time of
application,
... Addition of coarse aggregates may reo
suit in variations of the physical proper·
ties of the mortar.
... Do notuse a solvent·based curing com·
pound•
... Product is not designed for unconfined
placements or overlays (use SikaTop
111 PLUS).
... As with all cementbased materials. avoid
contact with aluminum to prevent ad·
verse chemical reaction and possible
product failure. Insulate potential areas
of contact by coating aluminum bars.
rails. posts etc. with an appropriate
epoxy such as Sikadur Hi·Mod 32.
CAUTION
IRRITANT
Suspect carcinogen· Contains portland
cement and sand (crystalline silica). Skin
and eye Irritant. Avoid contacL Dust may
cause respiratory tract irritation. Avoid
breathing dusL Use only with adequate
ventilation. May cause delayed lung injury
(silicosis). IARC Iisls crystalline silica as
haVing sufficient evidence of carcinoge.
nicity in laboratory animals and limited
evidence of carcinogenicity in humans.
NTP also lists crystalline silica as a suspect
carcinogen. Use of safety goggles and
chemical resistantgloves is recommended•
If PEls are exceeded. an appropriate.
NIOSH/MSHA approved respirator is reo
quired. Remove contaminated clothing•
FIRST AID
In case of skin contact, wash thoroughly
with soap and water. For eye contact, flush
immediately with plenty ofwater for atleast
15 minutes. and contact a physician. For
respiratory problems. remove person to
fresh air.
CLEANUP
In case of spillage. scoop or vacuum into
appropriate container. and dispose of in
accordance with current, applicable local.
state and federal regUlations. Keep con·
tainer tightly closed and in an upright po-
sition to prevent spillage and leakage.
Mixed components: Uncured material
can be removed withwater. Cured material
can only be removed mechanically.
_ e- 18M-500. Sika and MonoTop In rogislered
ltodomarks. Modo In USA. PrinIad In USA. March. ZQOZ.
KEEP CONTAINER TIGHTLY CLOSED KEEP OUT OF REACH OF CHILDREN
NOT FOR INTERNAL CONSUMPTION FOR INDUSTRIAL USE ONLY
. < "",c:;u:...·:" . CONSULT MATERIAL SAFETY DATA SHEET FOR MORE INFORMATION
ika warrants its prodUcts to be free from manufacturing defects and to meet Sika's current pUblished properties when
~plied in accordance with Sika directions and tested in accordance with ASTM and Sika Standards. User determines
Jitability of product for use and assumes all risks. Buyer's sole remedy shall be limited to the purchase price or
!placement ofproduct andexcludes laboror the costof labor. Any claim for breach of this warrantymustbebroughtwithin
1e year of the date of purchase.
o OTHER WARRANTIES EXPRESSED OR IMPLIED INCLUDING ANY WARRANTY OF
IERCHANTIBILITY OR FITNESS FOR A PARTICULAR PURPOSE SHALL APPLY. SIKA SHALL
OT BE LIABLE FOR ANY CONSEQUENTIAL OR SPECIAL DAMAGES OF ANY KIND, RESULTING
~OM ANY CLAIM OF BREACH OF WARRANTY, BREACH OF CONTRACT, NEGLIGENCE OR ANY
~GAL THEORY. SIKA ASSUMES NO LIABILITY FOR USE OF THIS PRODUCT IN A MANNER TO
IFRINGE ON ANOTHER'S PATENT.
Visit our website at www.sikausa.com
1·BOQ.933·SIKA NATIONWIDE
Regional Information and Sales Centers
For the location ofyour nearest Sika sales office, contact your regional center.
Sika Corporation Sika Canada Inc. Sib Mexieana S.A. de C.V.
201 POlito Avenue 601 Delmar Avenue Carrelera Libre Celaya Km. 8.5
Lyndhursl, NJ 07071 Pointe Claire Corregidora, Queretaro
Phone: 800·933·7452 Quebec H9R 4A9 C.P. 76920 AP. 136
Fax: 201·933·6225 Phone: 514·697·2670 Phone: 5242250122
Fax: 514·694·2792 Fax: 5242250537
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Sikament (p) 86
High Range Water Reducing Admixture (Types A & F)
TVPICAI. DATA FOR SIKAMENT 86
ASTM CERTIFICATION ASTM C-494 Types A and F
COLOR Brown
SPECIFIC GRAVITY g1ml 1.25 ± 0.05
pH >8
CHLORIDES % < 0.1
. -' .....,:.-.
DESCRIPTION
Sikament 86 is an extended Slump IUe.
superplasticizing. high range water re-
ducer. II ;s a non air-entraining admixture
that does not interfere with the air-void
system in the concrete matrix.
Sikament 86 does not contain calcium
chloride or any other intentionally added
chlorides and wilJ not inWale or contrib-
ute to corrosion on steel reinrorcemenl
present in the concrete.
Sikament 86 meets the requirements for
ASTM C-494 Types A and F and AASHTO
M-194 Types A and F.
APPUCAnONS
Sikament 86 is recommended ror use in
the production of all high strength concrete
prodUCts. whenever high plasticity and
increased early and ultimate strengths are
desired.
For Precast Concrete
The superplasticizing action of Sikament
86 provides excellentworkability and con-
crete will now easily at very low water
cement ratio·s. The self-consolidating
action of the superplasticizer reduces
the need ror vibration in precast ele-
ments and offers an improved surface
appearance with fewer bugholes.
ADVANTAGES
High Range Water RoduC9r:
Sikament 86 runctions as a high range
waler reducer to maximize cement hy-
dration efficiency. Up to 30% water reduc·
tion can be oblained. even In concrele that
contains a high proportion of cementitious
material. to allow the use of the lowesl
optimum water cement ralio in a mix·
Superplastlclzer:
The superplasticizlng action or Sikament
86 produces high slump nowing con·
crete wilh excellent workability that may
be placed with minimum vibration even
at very low water cement ratios. Sikament
86 plasticized concrete is highly nuid
while maintaining complete cohesion
Within the concrete matrix even at 8 - 11·
(20 - 2B cm) slump levels to eliminate
excessive bleeding or segregation.
Extended Slump Life:
Sikament 86 maintains slump lire for 45 to
90 minutes making it ideal for planl. added
ready·mix applications. SikamentB6deliv-
ers high slump concrete to the jobsite.
without the slump loss In transit experi-
enced with some superplasicizers.
BENEFITS
The combined high range water reducer
and superplasticizing action prOVide the
following benefits:
A Higher early and ultimate strengths
for cost effective high strength concrete
and earlier struclural use of concrete.
A Higher early strengths allow faster
demo/ding and more efficient use of
forms to precast producers.
A Increased slump Improves workability
and reduces labor costs.
A Full flow action aids In pumping and·
reduces need for vibration.
A Greater concrete density reduces per'
meability and increases durability.
Combination with other Admixtures:
Sikament 86 is highly effe·ctive as a single
admixture or In combination with other
admixtures in the Sika System.
-_._~- - . - - . .- ..
HOW TO USE
DOSAGE RATES
Addition rales will vary depending on the
material used. ambient conditions and the
requirements of a specific project.
For general concreting applications. Sika
recommends a dosage rale of between
6·20 fl. oz./l 00 Ibs. (390-1300 mill 00 kg)
cement. Higher dosages may be used.
Please consult your local Sika representa·
tive ror more Information and assistance.
MIXING
For best plasticizing results Sikamenl 86
should be added dlrectiy to freshly mixed
concrete in the concrete mixer atthe end of
the batching cycle.
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Sikament 86 may also be dispensed as an
integral material during the regular admix·
ture batching cycle. or into freshly mixed
concrete in a Ready.Mix truck at the con·
crete plant or jobsite.
To optimize the superplasticizing effect,
after the addition of Sikamenl 86. Sika
recommends that the combined materials
be mixed for 80-100 revolutions or ap-
proximately 6 minutes. either in the con-
crete mixer or in !he Ready·Mix truck.
PACKAGING
Sikament 86 Is supplied in 55 gal/on (ZOB
liler) drums and bulk delivery.
STORAGE
Sikament 86 should be stored at above
35°F (ZOC). If frozen. thaw and agilate
thoroughly to return 10 normal state be- ,
fore use. '
SHELF UFE
Shelf liIe when stored in dry warehouse
conditions between 50°F and BO°F (1 GOC
• 27°C) is one year minimum.
~-_. ..- . . ~... - .
CAUTION
Skin and eye Irritanl; avoid contact. The
use ofNIOSH/MSHAapproved respiralor.
safely goggles and rubber gloves is rec-
ommended. Avoid breathing product. Use
with adequate ventilation. Remove con·
taminated clothing.
FIRST AID
Wash skin with soap and water. In case
or eye contact. nush with water for 15
minutes; conlact aphysician. Wash cloth-
ing berore re-use.
CLEAN UP
Conlain and col/ecl with absorbent ma-
terial. Dispose or in'accordance with local.
state and federal regUlations.
· :. " ', .•~ . ..', .;,.':
PC 175. Sika end Slkament In regist_ll0d0marl<s. Mode
In USA. Prinlod In USA. NOYlImber. 1999.
KEEP CONTAINER TIGHTLV CLOSED KEEP OUT OF REACH OF CHILDREN
NOT FOR INTERNAL CONSUMPTION FOR INDUSTRIAL USE ONLV
CONSULT MATERIAL SAFETY DATA SHEET FOR MORE INFORMATION
Sika warrants its products to be free from manufacturing defects and to meet Slka's current pUblished properties when
applied In accordance with Sika directions and tested in accordance with ASTM and Sika Standards. User determines
suitability of product for use and assumes ail risks. Buyer's sole remedy shall be limited to the purchase price or
replacement ofproductand excludes labor or the cost oflabor. Any claim for breach of this warranty mustbebroughtwithin
one year of the date of purchase.
NO OTHER WARRANTIES EXPRESSED OR IMPLIED INCLUDING ANY WARRANTY OF
MERCHANTIBILITY OR FITNESS FOR A PARTICULAR PURPOSE SHALL APPLY. SIKA SHALL
NOT BE LIABLE FOR ANY CONSEQUENTIAL OR SPECIAL DAMAGES OF ANY KIND, RESULTING
FROM ANY CLAIM OF BREACH OF WARRANTY, BREACH OF CONTRACT, NEGLIGENCE OR ANY
LEGAL THEORY. SIKA ASSUMES NO LIABILITY FOR USE OF THIS PRODUCT IN A MANNER TO
INFRINGE ON ANOTHER'S PATENT.
Visit our website at www.sikausa.com
1·80CJ.933·SIKA NATIONWIDE
Regional Information and Sales Centers
For the location ofyour nearest Sika sales office. contactyour regional center.
East
2115 Hamilton Ave.• Ste. A
Trenton. NJ 08619
Phone: (609) 587·5600
Fax: (609) 587·5757
North Central South Central West
1682 Marion Williamspon Rd. 315 Nonh Ebrite 12767 East Imperial Hwy
Marion.OH 43302 Mesquite. TX 75149 Santa Fe Springs. CA 90670
Phone: (800) 851·2545 Phone: (972) 289·6480 Phone: (562) 941·0231
Fax: (614) 382·6454 Fax: (972) 289·5721 Fax: (562) 941·4762
~. ..' ..'.
Quality Cortlllc.lJon Numbon: LJhdhut." lJ-GiZB. Marion: IS-IIUB, K..... CItr-14-25IB. s.... Fe spring': 1401l5C
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Vita
David Brown is originally from Millville, New Jersey, where his parents, Joseph and
Sandra Brown still reside. He was born in November 1977 and graduated from Millville
Senior High School in 1996. He graduated with highest honors from Stevens Institute of
Technology in Hoboken, New Jersey in 2001 with a Bachelors of Engineering in Civil
Engineering. He is a 2003 candidate for the Masters of Science in Civil Engineering at
Lehigh University in Bethlehem, Pennsylvania. He is a member of the national honor
societies Chi Epsilon, Tau Beta Pi, and Kappa Theta Epsilon. He is also a member of the
American Concrete Institute and the National Society of Professional Engineers. David
currently resides in Quakertown, Pennsylvania with his wife Christine.
62
ENDOF
TITLE
